The annual life cycle of many birds includes breeding, moult and migration. All these processes are time and energy consuming and the extent of investment in any one may compromise the others. The output from breeding is of course the ultimate goal for all birds, while the investment in moult and migration should be selected so that lifetime fitness is maximized. In particular, long-distance migrants breeding at high latitudes face severe time pressures, which is a probable reason why natural selection has evolved efficient behaviours, physiological and morphological adaptations allowing the maximum possible migration speed. Optimal migration theory commonly assumes time minimization as an overall strategy, but the minimization of energy cost and predation risk may also be involved. Based on these assumptions, it is possible to derive adaptive behaviours such as when and at which fuel load a stopover site should be abandoned. I review some core components of optimal migration theory together with some key predictions. A review of accumulated empirical tests of the departure rule indicates that time minimization is an important component of the overall migration strategy, and hence gives support to the assumption about time-selected migration. I also briefly discuss how the optimal policy may be implemented by the bird by applying a set of simple rules. The time constraints on migrants increase with increasing body size. Some consequences of this are discussed.
INTRODUCTION
Migration is widespread in birds living in seasonal environments with fluctuating food sources and its adaptive value is well understood ( Lack 1968a; Alerstam et al. 2003) . Migration distance and strategies do, however, vary a great deal among species and populations, probably depending on a multitude of ecological factors. Since migration serves to take the individual from one breeding season to the next, we may expect adaptations to enhance this function. But what are these adaptations? The suite of modified characters that makes migrants better adapted for migration than resident species is often refereed to as the migration syndrome (e.g. Dingle 1996; Piersma et al. 2005) . The migration syndrome includes evolutionary modifications of morphology, the acquisition of orientation and navigation skills and behavioural adjustments in relation to ecological and external factors. We may look at the migration syndrome from an engineering reductionist's viewpoint (Piersma et al. 2005) , while the bird solves all its problems at once and with apparent ease. Some of the feats we consider as 'adaptations' may not be that, but rather exaptations if they originally evolved for another function than their current one (Gould & Vrba 1982) . For instance, fat deposition occurs not only in migratory birds, but also in temperate resident species during winter to be used as energy source for long nights or insurance against periods of unfavourable weather. Be that as it may, it is clear that long-distance migration in birds requires special capacities that are of special interest to ecologists, physiologists and bioengineers.
Over the last two decades, a set of optimality analyses of bird migration have been developed (e.g. Houston 1998) , with roots in foraging theory (Stephens & Krebs 1986 ). This set of optimality analyses together with predictions about flight behaviour derived from flight mechanics will be referred to as 'migration theory' in this paper. This theory has reached a stage of maturity that now allows an evaluation of some of its assumptions and experimental tests of predictions derived from it. A cornerstone in migration theory is the assumption of an appropriate surrogate currency. In optimal migration models, it is often assumed that the minimization of time is the most relevant currency and that natural selection favours those traits that maximize the overall migration speed (Alerstam & Lindströ m 1990) . Alternative currencies are energy and mortality risk or some combination of different currencies (Houston 1998 ). I will evaluate the evidence that has accumulated for or against the notion of timeminimized migration. In the context of optimality models, it is also important to consider relevant constraints that may affect the solution for an 'optimal' behaviour (Stephens & Krebs 1986) . Body size is a potential constraint regarding many biological functions, and so we should expect effects of size on certain aspects of migratory performance. Similarly, over evolutionary time, we may expect selection of migration performance to affect the body size of migrants. Finally, optimality solutions tell us what is optimal and what an animal should do, but it does not mean that animals arrive at the optimal solutions in the same way as we do. To understand how migration is implemented, we may therefore also look for simple mechanisms, or so-called 'rules of thumb' that implement an acceptably good approximation to an optimal solution (e.g. McNamara & Houston 1980; Stephens & Krebs 1986; Wehner 1998) . In this paper, I will present some key components of simple optimality models of bird migration and briefly discuss what the relevant optimization currency applicable to migration should be and how birds actually implement optimal behaviours. This paper deals with simple optimization models about migration; migration strategies and annual routine models of migration and moult have also been developed using state-dependent optimization. For those interested in state-dependent models of migration, please refer to Barta et al. (2008) and .
SOME BASIC EQUATIONS
When a migrant bird is depositing fuel, this can conveniently be viewed as the accumulation of potential flight range. Let f be the relative fuel load, relating the lean body mass m 0 to body mass including fuel as mZ(1C f ) m 0 . The potential flight range is a diminishing return function (derived from the Breguet (1922) equation) of added fuel mass owing to increased flight costs due to the added mass and drag, and if the added fuel increases the body drag through an increased body frontal area in direct proportion to the fuel load, the range is
where the constant c includes factors related to fuel composition, muscle work efficiency, bird shape and wind condition (Alerstam & Lindström 1990; Alerstam & Hedenström 1998) . In cases where added fuel does not affect the drag, or when the range is based on the assumption that fuel consumption is a constant proportion of the mass, an alternative range equation is
where k is the rate of mass loss (dm/dtZkm) and U is the flight speed (Alerstam 1981) . Another useful relationship is that between power required to fly and forward speed through the air. In a simple form, it can be expressed as the sum of three power components: induced, parasite and profile power, representing the cost of generating lift, overcoming the drag of the body and wings (Pennycuick 1989; Hedenström 2002) . If U is the airspeed, then the power equation is
where a, b and g include different physical and morphological properties of air and the animal. This function has a characteristic U-shape (figure 1). From this equation, different characteristic speeds can be derived that are applicable in different ecological situations such as display, foraging and migration flight (Hedenström & Alerstam 1995) .
CURRENCIES OF MIGRATION
It is commonly assumed that lifetime reproductive success is a measure close to true fitness. However, this measure is impractical in most situations when evaluating behavioural strategies in migrating birds, and therefore some more immediate currencies are often used as a surrogate for fitness. A prerequisite for this approach to be successful is that true fitness is a function of the surrogate currency, which a priori is never guaranteed. The maximization of survival from one breeding season to the next is probably a major reason for migration to occur in the first place (Lack 1968a) , and hence survival per unit migration distance is one possible currency (Alerstam & Lindströ m 1990) .
Even if the mortality rate may be high during migration, it may still be a better strategy to migrate than to over-winter at a temperate or Arctic breeding site, especially in birds whose food source dwindles in the winter. Given that the majority of annual mortality occurs during migration (Sillett & Holmes 2002) , survival could be maximized by minimizing the overall time of migration and hence the exposure to danger. Alternatively, an economical use of energy could lead to reduced exposure to predation during foraging, or reducing the exposure to food-related parasites, and hence an energy minimization strategy may be optimal. In the following paragraphs, I will present some simple currencies often used when evaluating migration strategies.
(a) Migration speed Long-distance migration typically involves several cycles of fuelling and transportation, and so the overall migration speed is the migration distance divided by the time for fuelling and flight. The stopover time to build up fuel, T fuel , that covers a migration distance D is
, where P flight is the rate Figure 1 . Power required for a bird to fly by horizontal flapping flight in relation to speed through the air. Characteristic speeds are minimum power speed (U mp ), maximum range speed (U mr ) and speed of time-minimization migration (U mt ). The negative ordinate shows the rate of fuel deposition (E 0 KC 0 ) increasing downwards. The tangents show how U mr and U mt can be derived graphically. The point where the tangent associated with U mt intersects the speed axis is the overall migration speed (U migr ), which increases with increasing rate of fuel deposition.
of energy consumption during flight (equation (2.2)), U is flight speed, E 0 is the rate of energy accumulation at stopovers, C 0 is the rate of energy consumption when fuelling (Hedenströ m & Alerstam 1995) . The flight time is T flight ZD/U. Dividing the migration distance by the migration time T migr (ZT fuel CT flight ) yields the migration speed
Migration speed according to equation (3.1) must not be confused with flight speed U, which is a component of the overall migration speed. Migration speed is the flight speed multiplied by a factor that represents the fraction of the total time spent in flight (Alerstam 2003 Tobalske et al. 2003) . The optimum flight speed, U mt (mt for minimum time), associated with time-selected migration is illustrated in figure 1 . The overall migration speed is where the tangent from an extended ordinate, representing the net fuelling rate, intersects the speed axis. Migration speed is also increased by an increased net energy accumulation rate. Migratory birds are likely to be constrained by their metabolic capacity to process ingested food, such as the maximum rate for assimilating energy ( Kirkwood 1983; Hammond & Diamond 1997; Kvist & Lindströ m 2003) . The deposition rate of fuel energy (E dep ) is the surplus from the gross energy intake rate (E ) minus the energy expenditure when foraging (C ) and the non-foraging energy expenditure (A), and is written as
The metabolic ceiling (K ) constrains the foraging time to tZK/E, which when inserted into equation (3.2) yields
which is maximized if the ratio E(CKA) K1 , a currency termed the foraging gain ratio by Hedenströ m & Alerstam (1995) , is maximized. The same currency is also expected to yield the best result in other foraging situations when an animal is restricted by a metabolic ceiling ( Ydenberg et al. 1994; Houston 1995) or when meeting an energy requirement below the metabolic ceiling (Hedenströ m & Alerstam 1995; Nolet 2002 ).
(b) Energy cost of migration The overall energy cost of migration (E migr ) is the gross energy intake rate (E ) multiplied by the total stopover duration (T fuel , see above), which includes maintenance energy costs during stopover and the surplus energy accumulated as flight fuel, hence
A minimum total energy cost of migration is achieved if the ratio E 0 /C 0 is maximized, which is the overall stopover gain ratio (Hedenströ m & Alerstam 1995) . If we assume that the cost during stopovers is divided into foraging activity at a rate C and non-foraging metabolic rate A, then the total stopover energy cost is C 0 Z Ct C Að1KtÞ; ð3:5Þ
and with E 0 Z Et we can write the stopover gain ratio for a bird that is not metabolically constrained as
Most birds are probably restricted to foraging during approximately half of the stopover owing to the light/ dark periods of the day, and so with tZ0.5 the foraging gain ratio defined as E(CCA) K1 will maximize the stopover efficiency. Obviously, this is accomplished by low foraging and non-foraging costs. In situations where the foraging time approaches 1 or 0, the relevant gain ratio and the gross energy intake rate are EC
K1
and E, respectively (Hedenströ m & Alerstam 1995) . Concerning the flight behaviour, equation (3.4) implies that the ratio P/U should be minimized, which is achieved at the maximum range speed U mr (figure 1).
If the migrant operates at a metabolic ceiling, then E 0 ZKZEt, which combined with equation (3.5) results in stopover efficiency expressed as
Again, stopover efficiency is maximized when the foraging gain ratio E(CKA) K1 is maximized.
STOPOVER BEHAVIOUR
The optimal stopover duration and the associated fuel load can be derived using equation (2.1a) and (2.1b).
The maximum speed of migration is achieved when
where Y is the flight range according to equation (2.1a) and (2.1b), f 0 is the search/settling energy cost, t 0 is the search/settling time cost and t is the duration of fuel deposition at a stopover (Alerstam & Hedenström 1998) . Search/settling costs are assumed to arise upon arrival at a new stopover site because the bird is initially unable to locate food sources at new (unfamiliar) sites, or because there is a queue to get access to temporary stopover territories required for efficient fuelling. Let fZkt and thus df/dtZk, where k is the daily fuel deposition rate (FDR) expressed as a proportion of m 0 , which substituted into equation (4.1) yields
This criterion can be graphically illustrated as shown in figure 2 , where it is evident that the optimum departure load depends on the three parameters f 0 , t 0 and k. The optimal fuel load associated with minimum energy cost of transport can be obtained from equation (4.2) by setting kZ0, or graphically as shown in figure 2. The optimum fuel load associated with time-selected migration is always higher than for energy-selected Adaptations to migration in birds A. Hedenströ m 289 migration (figure 2). The minimization of the total energy cost of migration involves an element of time, because extended stopover times increase the overall energy consumption during migration (Hedenström & Alerstam 1997) ; as a result, fuel loads are intermediate between time minimization and minimum energy cost of transport.
The first model presented by Alerstam & Lindström (1990) assumed that birds would react to food availability and concomitant increased FDR as if this new rate would apply for the current site only (local variation), while the expected subsequent FDR would remain unaffected by local variations like experimentally supplemented food (the field test paradigm). This assumption leads to rather steep slopes of the predicted relationship between departure fuel load and FDR (Lindströ m & Alerstam 1992) . Instead, if the bird updates its future expectation according to the experienced FDR at the current site (global variation), then the slope between predicted f dep and k will be lower than with local variation (Houston 1998; Weber et al. 1999) . Note that the optimal departure loads derived from the graphical construction in figure 2 refer to global variation.
Another way of viewing the departure decision is by deriving an expression for the instantaneous migration speed. By noting that fZkt and considering the range equation as the accumulation in flight distance as fuel is loaded at a stopover, the instantaneous speed of migration is
where symbols are as defined before (e.g. . This function is declining over time and the bird should depart when S has dropped to the overall expected speed of migration along the route (Lindströ m & Alerstam 1992).
SCALING OF MIGRATION SPEED AND DISTANCE
Depending on flight mode, equation (2.2) evaluated in relation to body size gives differing trends of migration speed (Hedenström & Alerstam 1998; Hedenström 2003a) . For flapping flight, the migration speed scales as U migr f m K0:19 ; in allometrically scaled (real) birds, while soaring flight yields the scaling U migr f m 0:22 :
Hence, there is a certain body size where the migration speed is equal for the two flight strategies, given the fuelling rate and rate of climb in thermal soaring. These scaling proportionalities also imply that given one of the alternative flight strategies has been adopted, there should be selection for reduced and increased body size for flapping flight and soaring flight migration, respectively. Given a migratory species breeding annually in a seasonal environment, the main time-consuming processes will sum up to 1 year as follows:
ð5:1Þ
The first two terms on the right-hand side of equation (5.1) scale positively with body size and so does T migr (which equals D/U migr ) in flapping flight migration.
Whether there are any other activities that require time during the annual cycle is unclear, but they should also scale positively with body size. Imposing the requirement T%365 days, the available time for migration will decrease with increasing size, and hence for flapping flight the potential migration distance will decrease with increasing size. Given a migration distance D, it is possible to calculate the critical body size for which the first three terms on the right-hand side of equation (5.1) equals 1 year. In the three swan species in Europe, the migration distances are in reverse order of the body size, perhaps an effect of limitations due to migration speed (Hedenströ m 2006). In soaring flight, body size does not impose the same strong restriction, although time for breeding and moult may last for such long times that annual breeding is not possible (Lack 1968b; Jouventin & Dobson 2002) .
In isometrically scaled birds, the flight range is directly proportional to the fuel load (Pennycuick 1975) , while the maximum relative fuel-load (expressed as proportion of lean body mass) capacity declines with increasing body size (Hedenström & Alerstam 1992) . Real birds compensate for this to some degree by having relatively longer wings than isometrically scaled birds (Rayner 1988) , but this is far from compensating for the reduced fuel-loading capacity. This means that the potential non-stop flight range is progressively circumscribed with increasing body size.
REALIZED MIGRATION SPEED
Migration speeds as recorded by ringing recoveries and satellite telemetry in a selected set of species using different flight strategies are shown in table 1. Among powered flyers, maximum speeds are achieved by the medium-small birds of body mass approximately 0.1 kg Figure 2 . Gain in flight range with increasing relative fuel load. For a certain relative FDR (k), search/settling time (t 0 ), and initial fuel loss ( f 0 ), the optimal departure fuel load of time-minimization migration (global variation) is given by constructing a tangent from the point (kt 0 , Y( f 0 )) to the gain curve to yield departure load f T . If t 0 Z0, the optimal solution is identical to the minimization of energy cost of transport and the associated departure fuel load is f E . Adapted from .
with overall travel rates approximately 200 km d K1 . In smaller long-distance migrating songbirds, the travel rate is only half or even less than that, and in short-range or partial migrants it is still lower. In the 6.5 kg Bewick's swan (Cygnus columbianus), the migration speed is similarly very low (26 km d K1 ), as expected from the scaling relationship ( §5). For flapping flight, it thus seems as if the fastest migrants are relatively small (0.1 kg) birds with relatively high aspect ratio (ARZb 2 / S, where b is wing span and S is wing area; a high value of AR means a long and slender wing) wings resulting in low cost of flight. Other factors that result in different migration speeds are nocturnal versus day migration (Hildén & Saurola 1982) , whether birds are short-/longdistance migrants (Alerstam 2003) , or the seasonal timing of migration (Alerstam & Lindström 1990 ). Some of the differences between species may arise due to common factors rather than specific ecological circumstances, such as shortened day length with the progress of the autumn and the fact that migrants bound for the tropics migrate early in the season resulting in relatively fast migration speed, while short-distance migrants move late in the season resulting in a relatively slow migration speed. In the case of nocturnal migrants, flights are performed in 'free time' that could usually not be used for feeding, while day migrants must use potential foraging time for migratory flights. When external energy provided by thermals for cross-country soaring or wind gradients for dynamic soaring is used, migration speed approaches 200 km d K1 even for quite large birds using thermal soaring and surpasses this by far in albatrosses (table 1).
WHAT IS THE EVIDENCE FOR TIME-SELECTED MIGRATION?
Ever since optimality reasoning was introduced more explicitly to the analysis of migration strategies (Alerstam & Lindströ m 1990) , some effort has been made to test predictions based on time minimization.
Modifications of the baseline predictions have successively been added to the theory in order to improve the agreement between theory and data Houston 1998) . The predictions mainly fall into three categories: (i) flight behaviour, (ii) stopover behaviour and flight distances, and (iii) physiological adaptations.
(a) Flight behaviour In time-selected migration, the optimal flight speed should be greater than the maximum range speed associated with energy-selected migration, U mt OU mr , where the magnitude of this difference depends on the rate of energy deposition (figure 1). It has not yet been possible to distinguish between U mt and U mr by direct flight speed measurements, mainly because speeds vary quite a lot and depend also on other factors such as body mass (usually unknown) and winds. Another reason could also be that the selection of accurate choice of speed in the neighbourhood of U mr /U mt is not as strong as near U mp (Houston 2000) . Skylarks Alauda arvensis clearly select a speed above U mp during migration and the mean speed (14 m s K1 ) was larger than calculated U mr (10 m s K1 ), indicating the possibility of a time-selected flight strategy (Hedenström & Alerstam 1996) . Testing predictions about flight behaviour is fraught with uncertainties due to unknown parameters such as rate of energy accumulation and uncertainties in flight mechanical theory itself. A related problem concerns the predicted flight speed (above U mr ) in birds transporting energy to a central place ( Norberg 1981) , which also lacks empirical support in spite of a more tractable experimental situation. We may have to accept that selection of accurate choice of speed is not strong enough in the neighbourhood of U mr to result in finetuned behavioural differences in response to small variations in energy deposition rate (Pennycuick 1997 Cross-country soaring is limited to the daytime hours when thermal activity provides raising air, which is used by soaring birds. Thermals are typically available for about 8 hours in temperate regions (Konrad 1970; Rowland 1973) and not much longer in the tropics. In situations where soaring migrants experience a positive energy budget and yet are able to soar for the entire thermal period, a time minimizer is predicted to continue by flapping flight outside the thermal period until the surplus energy is consumed (Hedenströ m 1993). Observations of nocturnal migratory flight in otherwise typical soaring migrants therefore provide support for a time-selected strategy (Stark & Liechti 1993) . . This prediction has been tested on nine occasions by providing additional food at stopover sites, followed by estimating k and the stopover duration for individual birds and in one case by monitoring natural variation in k (table 1). In seven studies (out of nine), there was a significant positive relationship between f dep and k, which was also the case for the whitethroat (Sylvia communis) in an augmented dataset (Weber et al. 1999) . In one study of spring migrating wheatears Oenanthe oenanthe, it was only the males that showed a significantly positive relationship while females departed with the same f dep irrespective of k , suggesting a time-selected strategy in males and an energy minimization strategy in females. In the robin (Erithacus rubecula) study, the experimentally fed birds departed with larger fuel reserves than non-fed birds, suggesting a time-minimization strategy (Dänhardt & Lindströ m 2001) . The slope of the relationship between f dep and k is invariably lower than that predicted under local variation (see above). Instead, if birds update their expected migration speed according to their current experience (global variation), then the slopes observed are close to the prediction (see references in table 2). In energyselected migration, there is no predicted relationship between f dep and k (Hedenströ m & Alerstam 1997), which was generally not the case in the tests (table 1) . If birds are minimizing the total energy cost of migration, the expected slope between f dep and k is lower than under time-selected migration and global variation.
This currency however includes an element of time, and may be difficult to distinguish from purely timeselected migration. In conclusion, there is strong support for a time-selected migration from experimental field tests of departure fuel loads in migratory song birds.
In many birds, stopover sites occur as discrete patches in an otherwise non-useful habitat. For such birds, the migration is divided into a few long flights between a subset of the available stopover sites. Which of these should be used can be analysed by using the instantaneous speed of migration (equation (4.3)), together with information about the FDRs (k i ) at the sites. A bird should leave for the next site if S(k 1 , YZD)%S(k 2 , YZ0), where k 1 and k 2 are fuelling rates at two consecutive sites, Y is the current potential flight distance using accumulated fuel and D is the distance between the sites (Alerstam & Hedenström 1998) . Depending on the relative values of the k i :s among the potential route sites, it may be advantageous to accumulate more fat (overload) than necessary for the flight to the next site, a situation that may occur during spring migration when southern sites provide more food than phenologically earlier sites further to the north. Overloading should occur when S(k 1 , Y )Z S(k 2 , YKD) and YOD, where the expected overload can be solved by inserting f (Y ) into this equation . Implicit in this scenario is also the bypassing of potential stopovers providing FDRs that are too low. An interesting theoretical observation is that overloading will not occur if range equation (2.1b) is the correct one, while with equation (2.1a) it is predicted to occur ( Weber & Houston 1997) . Overall, overloading is expected only under a rather restricted range of conditions ( Weber et al. 1994) . Even if many birds, e.g. shorebirds, do arrive at stopovers with some surplus energy, it remains to be demonstrated that overloading according to timeselected migration is the actual cause. Alternative reasons for accumulating more energy than actually required to fly between consecutive stopovers could include the need for insurance against unpredictable head/cross wind conditions during the flight or unpredictable feeding conditions at the destination.
A related phenomenon may be seen in birds approaching their breeding site. Early arrival and onset of breeding is usually considered advantageous ) on departure fuel load ( f ) in small migratory birds. (m 0 is lean body mass. A 'C' means that a significant relationship was found as predicted from a time-minimization migration policy, while a '0' indicates no significant relationship. nat, natural; exp, experimental.) (Kokko 1999) . Pre-laying activities such as display and song require energy, and nest building and the formation of eggs also similarly require energy. Hence, it may be advantageous for birds to accumulate this energy (or part of it) at the final stopover site, and thus arrive with an energy capital (hence the term 'capital breeders'; Drent & Daan 1980) . If a fuel load f 0 is required at arrival for breeding activities, f 1 is the fuel required for the flight only, then it will be optimal to depart with a fuel load f 2 if
where k 1 and k 2 are the FDRs at the final stopover site and the breeding site, respectively (Gudmundsson et al. 1991; Hedenströ m 2006) . This phenomenon occurs in certain arctic-breeding geese and eiders (Meijer & Drent 1999) but to much less degree in shorebirds (Klaassen et al. 2001) , although there may be variation between years (Morrison & Hobson 2004) . If brent geese Branta bernicla encounter headwinds during spring migration, they will consume more fuel during the migration than in neutral or following winds, with measurable consequences for their breeding success (Ebbinge 1989) .
(c) Physiological flexibility It has become clear that migratory birds undergo considerable physiological changes during fuelling and flight. Not only do fat loads change, but also nutritional organs and flight muscles vary in mass during the fuelling-flight cycle (e.g. Piersma 1998; Buehler & Piersma 2008) . Increased gizzard, stomach, intestine and liver may serve to increase the metabolic capacity and energy assimilation rate and thus the rate of fuelling. Shortly before departure on (long) migratory flights, parts of the nutritional organs may be discarded to reduce the payload, and hence flight cost, and thereby increase flight range. The flight muscles change in parallel with overall body mass (e.g. Lindström et al. 2000) , but the increase does not match the increase in power requirements in the red knot Calidris canutus (Dietz et al. 2007) . When birds are very fat, the power margin is reduced compared with when they are lighter, suggesting that they are trading escape flight capacity (predation risk) against migratory flight economy. Flight muscle mass declines during long flights (e.g. Battley et al. 2000) , and it has been suggested that some protein breakdown may be necessary to serve as intermediates of the citric acid cycle and for maintenance and repair of organs (Jenni & Jenni-Eiermann 1998) . Sustained flight causes damage to the flight muscles and protein could serve as repair substrate (Guglielmo et al. 2001) . In an optimization model, Weber & Hedenströ m (2001) showed that organ dynamics of the kind presented here is mainly reconcilable with time-minimizing migration or minimization of total energy cost of migration, which is also a function of time. Nutritional organ flexibility is expected mainly in association with long migratory flights. The reduction of nutritional organs before long flights may be seen as a way of increasing the flight range and thereby the probability of successful migration, especially during long transoceanic flights. This may be crucial in species such as the bar-tailed godwit (Limosa lapponica) where the flight distance is close to the limit. However, the build-up of these organs before episodes of fuelling must be interpreted as support for a time-selected strategy.
MORPHOLOGY
Since flight is costly, there should be adaptations in the flight apparatus, i.e. wings and musculoskeletal systems, that reduce these costs. Aerodynamic theory provides predictions regarding wing and tail morphology (Rayner 1988; Thomas 1993) . Migrants generally have wings of higher aspect ratio and more pointed wing tips than residents (Mö nkkö nen 1995; Lockwood et al. 1998; Voelker 2001) , and the tails tend to be short and square rather than long and graduated (Leisler & Winkler 2003) . In addition, more subtle differences occur, for example the notch of the inner web of primaries is shorter in migrants than residents (Winkler & Leisler 2005) . Comparison also showed that migrants have smaller and flatter skulls than residents ( Winkler & Leisler 2005) , which was paralleled in measures of brain volume (Sol et al. 2005) . This has been interpreted as an adaptation in residents for increased innovative capacity needed to cope with a seasonally changing environment (Sol et al. 2005) , while migrants would rely on more stereotyped behaviours and migratory programmes. Why migrants would be disfavoured by the same innovative capacity when constantly visiting new habitats is perhaps not so obvious. Many species revisit the same route and stopover sites in successive migrations (e.g. Alerstam et al. 2006) , which would require some spatial memory capacity and navigation skills. In line with this, it has been hypothesized that migrants should have an enlarged hippocampal region, a region known to be involved in processing spatial information, compared with residents. There was no apparent difference in hippocampus volume between migrants and residents (Healy et al. 1991) , although it increased with age and experience in a migratory passerine but not in a resident relative (Healy et al. 1996) . A more general prediction is that migrants using flapping flight should be favoured by small overall body size (Hedenströ m & Alerstam 1998), which has gained some empirical support (Sol et al. 2005) . Apparently, migrants exhibit a suite of morphological modifications compared with residents. Body size and wing morphology are easily interpreted in terms of aerodynamic efficiency and migration speed, but there may be similar adaptations in relation to habitat that could confound the adaptive explanation (Leisler & Winkler 2003) . The explanation for the smaller forebrain in migrants, or rather enlarged brain in residents for improved innovative capacity, remain a speculation.
MOULT
Feathers get worn by use and exposure to light, which affects their aerodynamic and insulatory function (Hedenströ m 2003b; Williams & Swaddle 2003) . Therefore, the plumage is replaced periodically through a process known as moult. Moult resets the Adaptations to migration in birds A. Hedenströ m 293 function of the feathers, but has direct energy costs from synthesizing new feathers (e.g. Lindströ m 1993) and indirect costs caused by the gaps due to missing flight feathers (Rayner & Swaddle 2000) . Moult also takes time and has to be fitted into the annual cycle with respect to breeding and migration, with which it normally does not overlap. In principle, moult could overlap with migration if the reduced migration speed due to elevated costs of moult is balanced by the time saved by not having to remain stationary for moulting. Some birds may moult during migration, but moult is then slow and involves few feathers and relatively small wing gaps (Holmgren et al. 1993) . The main reason for avoiding a moult/migration overlap is probably the increased predation risk associated with moult during a period when mortality rate is high anyway (Sillett & Holmes 2002) .
The two main moult patterns are either postbreeding moult while still in the breeding area or a post-migration moult in the wintering area (Jenni & Winkler 1994 ). There is a general trend for moult to be more likely to occur after autumn migration in the winter quarters as migration distance increases (Svensson & Hedenströ m 1999; Hall & Tullberg 2004) . Populations breeding at northerly latitudes, with increased time stress, tend to interrupt postbreeding moult more often than southern conspecifics (Swann & Baillie 1979; Hedenström et al. 1995) . Similarly, late breeders among American redstarts Setophaga ruticilla initiate southbound migration but stop for moult during migration (Norris et al. 2004 ). This has been taken further in the great reed warbler Acrocephalus arundinaceus, which stops for moult immediately after reaching the savannah belt south of the Sahara and then commences migration further to the south (Hedenström et al. 1993) . Variations to the most common moult patterns involve biannual moult, i.e. two complete moults annually (Underhill et al. 1992) , split moult between seasons , or the moult of a few primaries at intermediate sites during migration (Pearson & Backhurst 1983) . The variation in moult-migration patterns is quite large and the adaptive values are far from understood.
There are differences in the mechanical properties of feathers depending on whether they have grown during summer or winter (Weber et al. 2005) , which are likely to affect the selection of moult strategy. Moult during winter usually takes longer than post-breeding moult in the summer (Underhill et al. 1992) , which could be due to constraints in obtaining resources or, alternatively, be due to relaxed time constraints in completing the moult. Prolonged moult may result in the production of higher-quality and more durable feathers that resist wear better than feathers that have grown faster (Serra 2001 ). In addition, experimentally timestressed lesser whitethroats Sylvia curruca speeded up moult and grew shorter primary feathers (Hall & Fransson 2000) , which is likely to be penalized in terms of a reduced subsequent migration speed. The scheduling of moult in a migratory species is probably the result of many factors, which makes it tractable for state-dependent optimization approaches (Holmgren & Hedenströ m 1995; Barta et al. 2006a,b) .
DISCUSSION
Development of optimal migration theory has provided a framework for understanding and testing how different factors influence migration performance. This theory allows the derivation of a number of testable predictions regarding the migration process. As with evolutionary optimization theory in general (Parker & Maynard Smith 1990) , the consistency and validity of the theory can be tested by evaluating the applicability of key assumptions, or as tests of more specific predictions derived from the theory. In the case of migration, the theory provides differing predictions if migration is selected to minimize time, energy or predation risk (Alerstam & Lindström 1990 ). It could be argued that migration serves the function of maximizing individual survival between consecutive breeding seasons, implying that the minimization of predation risk is the appropriate currency. This notion is supported by the fact that migration is responsible for more than 85% of the annual mortality in a passerine long-distance migrant (Sillett & Holmes 2002) . However, all mortality during migration is unlikely to be due to direct predation, but due to other failures as well. The review of empirical tests about stopover behaviour (departure fuel load; table 2) showed that time minimization is at least a significant component of the migration strategy. The true currency could be a composite function of several variables, for example time and predation risk minimization, which can be analysed as illustrated by Houston (1998) . However, recent data from wheatears showed that they experienced reduced fuelling rates in relation to the density of predators, but this did not affect their departure decision away from the optimum under a time-minimizing policy ). The conclusion is therefore that time minimization (equivalent to speed maximization) or the minimization of total energy is a reasonable first-order single currency in bird migration.
A related problem concerns the appropriate currency for foraging behaviour during stopovers. Time minimizers should maximize their FDR, which is achieved by a high rate of food intake. One way of achieving this is by operating food processing at the metabolic ceiling and simultaneously minimizing the foraging energy costs. This, in turn, leads to the maximization of the foraging gain ratio as the best policy (equation (3.3) ; Hedenströ m & Alerstam 1995; Houston 1995) . That birds actually comply with this rule has been shown for red knots C. canutus (Gils et al. 2003) . Hence, the fact that migratory birds seem to ingest and process food at their maximum capacity is itself an indirect indication that they are time minimizers. However, in many cases, a high food intake rate at a stopover may also be associated with a high predation risk. Migratory birds fuelling under a predation risk should forage in a risk-prone way (Bednekoff & Houston 1994) . Risk proneness has been observed during migratory fuelling in the yellow rumped-warbler Dendroica coronata, where the birds preferred the high-variation food source (Moore & Simm 1986 ).
The energy budget of migration can be subdivided into the actual transportation costs and the maintenance and activity costs during stopovers. By rearranging equation (3.4), the ratio between migratory flight costs and stopover energy expenditure can be written as 1/(C 0 /(E 0 KC 0 )), which evaluates to approximately 1 : 2 for a small passerine (Hedenströ m & Alerstam 1997) . Wikelski et al. (2003) measured energy costs in freeflying Catharus thrushes using the doubly labelled water technique and obtained the ratio 1 : 2.4 between flight and stopover energy cost, which is in broad agreement with the prediction. Similarly, the time divided between flight and stopover was predicted as 1 : 7 for a small passerine (Hedenströ m & Alerstam 1997) , a prediction that also enjoys empirical support (Fransson 1995) .
During migratory flight, birds should select a cruising speed associated with minimum energy cost of transport (U mr ) or maximum speed of migration (U mt ). There is observational support for the selection of either of these two speeds, rather than the lower minimum power speed (U mp ), but distinguishing between U mr and U mt is difficult considering the many factors that also influence the optimal speed (e.g. winds, body mass, flocking). Birds generally adjust their airspeed in relation to head/tail winds (Hedenström et al. 2002) , which should occur only when flying at U mr or U mt but not at U mp . Hence, there is agreement between theory and data at different levels of what we can loosely call migration theory, suggesting that it is a consistent scientific platform that is useful for studying many aspects of bird migration.
Since migrating birds behave in many respects as if informed by optimal migration theory, a relevant question is how they compute the solution to different strategic problems. They hardly use calculus as we do and they definitely do not use MATLAB. We may therefore look for more simple rules of thumb that provide sufficiently good approximations to the actual optimal policy. Erni et al. (2002) proposed that birds should stay at a stopover site (i) until a certain fuel load is reached or (ii) for a constant duration. Simulations of migratory journeys following these rules showed that rule (2.2) resulted in only slightly longer migration than under the optimal time-minimization strategy. Reed warblers Acrocephalus scirpaceus at a stopover showed quite constant stopover durations, although supplemented food resulted in shorter stopover time as the FDR increased (Bayly 2006) . On the basis of tracking of individual Catharus thrushes, Cochran & Wikelski (2005) found that migratory departures were triggered by certain circumstances, including a threshold fat load, a daily maximum temperature of 218C or more and weak surface winds. Other studies of passerine departures have found that departure is more likely on occasions with tail winds (Å kesson & Hedenström 2000) and when weather conditions allow the observation of celestial cues for accurate orientation (Å kesson et al. 2001) . Hence, it seems probable that departure is triggered by some minimum fuel load and further conditioned by local weather and geographical factors. Note that the current winds change the exchange rate of fuel into distance, which can be accommodated within a time-minimization strategy (Weber et al. 1998a) . In birds having a relatively low energy cost of transport, such as large raptors using thermal soaring, and where refuelling opportunities are limited along the flight route, the best strategy may be not to be wind sensitive and migrate irrespective of wind direction, at least with moderate wind strengths (Thorup et al. 2006) . Potential sets of rules implementing an overall migration strategy can be evaluated by state-dependent optimization (Weber et al. 1998b) . Further studies involving the tracking of individual birds are likely to give insights into how rigid/flexible behaviours are during migration and which set of rules are likely to be used in order to achieve an efficient migration strategy.
Migratory birds are guided through the annual cycle by genetic programmes, responsive to external inputs ('zeitgebers') for calibration and fine-tuning of events (e.g. Gwinner 1996) . Such inherited instructions are often claimed to be part of the migration syndrome, even though resident populations may also show migratory restlessness (Helm & Gwinner 2006) . Populations of differing migratory habits appear to respond differently to external cues (e.g. shortened day length), with long-distance migrants breeding at high latitudes showing less flexibility than non-migrants at equatorial latitudes (Helm et al. 2005) . This could be an insurance adaptation in migrants to get away from deteriorating ecological conditions in time, but it also shows that residents are 'pre-adapted' to develop migration or, alternatively, that they have evolved from migrants and retain certain characteristics from their migratory past. Be that as it may, the presence of migratory feats also in residents casts doubts on whether there are migration syndromes unique to migrants (Piersma et al. 2005) . Perhaps migration is the original characteristic of all birds and the differences we see between migrants and residents are only the loss of some adaptations among residents when not needed any longer. The reason for such changes when a migrant becomes resident could be that the overall selection regime from demands on efficient migration and exploitation of the habitat during nonmigratory seasons changes. The resident experiences relaxed selection for migration performance to an emphasis on purely selection in relation to its habitat. In this sense, the migrant could be seen as an evolutionary compromise, while residents are better adapted to their habitats.
The annual cycle and the scheduling of different activities differ a lot between populations and species of different migratory habits. The time divided between migration, moult and breeding can be illustrated by a real example. The willow warbler Phylloscopus phylloscopus has two annual moults, which take approximately 40 and 60 days, respectively (Underhill et al. 1992) (Cramp & Brooks 1992) . Added together, these times sum up to 396 days, which clearly implies some time stress on the annual budget, and is the reason for why northerly populations interrupt summer moult and depart on migration (Hedenström et al. 1995) . Now, this species is extreme in having two annual complete moults, while most species have one annual moult. In addition, breeding and moult take Adaptations to migration in birds A. Hedenströ m 295 longer with increasing body size and migration speed declines with increasing size for flapping flight migrants. Hence, increasing body size increases the pressure on the annual time budget to the degree that some birds skip breeding in some years, and that large birds cannot migrate as far as smaller species. It seems uncontroversial to say that the understanding of annual cycle adaptations in relation to migration, moult, breeding and overall body size is incomplete.
FUTURE DIRECTIONS
What have we learnt about bird migration since the emergence of optimal migration theory and what gaps remain to be filled by new research? All models are by definition wrong and will ultimately be replaced by an alternative. The main purpose of a model is, however, to focus our attention on a problem and generate testable predictions. In the case of migration ecology, theoretical and empirical exploration lives in a very fruitful symbiosis and optimality thinking has generated a number of experimental tests of, for example, the dependence of departure fuel load on fuelling rate. Interestingly, all experimental studies on departure fuel load since 1990 have been conducted in Europe and none in America (table 2) . This probably reflects the differences in research tradition where Europeans are more inclined towards ecology (David Lack legacy), while Americans tend to favour a more physiological approach (Donald Farner and James King legacy). While compiling this review, it has become clear where new research would be welcomed regarding bird migration strategies. One omission in the current theory is the potential effect on migration performance of infections and the associated mounting of an immune defence. Some variation among individuals in migration performance may well be due to differences in coping with disease (see Buehler & Piersma 2008) . Migration activity could, for example, reactivate latent Borrelia infection (Gylfe et al. 2000) , perhaps owing to suppression of the immune system during migration. Even though the energy cost of mounting an immune response in birds is relatively low (Svensson et al. 1998) , there may be costs other than direct energy costs of activated immune function. For example, it has been shown that when birds are working hard during nest feeding, a diphtheria-tetanus vaccination (to provoke an immune reaction) causes a reduced feeding rate (Råberg et al. 2000) . Hence, migrating birds may be similarly affected with a reduced performance (e.g. migration speed or survival) due to immune system processes.
Another emerging topic of interest concerns the interaction between migration, breeding and moulta problem which is perhaps best addressed by the annual routine approach (e.g. Barta et al. 2008) . A complication must be considered in that the timing of moult and migration may be genetically correlated and may therefore not evolve independent of each other (Pulido & Coppack 2004) . A number of recent studies have found an advancement in spring migration among many bird species (e.g. Hü ppop & Hü ppop 2003; Stervander et al. 2005) , which sometimes is also followed by an advancement in the timing of autumn migration (Cotton 2003; Jenni & Kéry 2003) . The reason for these changes are believed to be associated to global climatic changes that shift the phenology of food sources and the optimal timing of breeding (e.g. Both et al. 2005) . Problems to solve concern how birds will react to climatic changes, such as whether they depart sooner from wintering sites or whether migration speed is changed due to changes in stopover conditions along the route. Birds may not be able to increase migration speed beyond the maximum rate set by physiological constraints of fuel accumulation and therefore may not be able to track rapid climatic changes. New and challenging research problems present themselves continuously and, not surprisingly, I predict that the study of bird migration will continue to be a lively research topic.
